Introduction
============

Acetaminophen (APAP) is probably the most common analgesic and antipyretic over-the-counter drug used worldwide. APAP overdose is the leading cause of drug-induced acute liver failure [@B1]. APAP toxicity is due to the conversion of APAP to a reactive metabolite, N-acetyl-p-amino-benzoquinone imine (NAPQI) by CYP450 enzymes [@B2]. Though NAPQI could be detoxified by glutathione, excessive NAPQI depletes cellular glutathione and subsequently forms APAP protein adduct. APAP adduct interrupts mitochondrial respiratory chain complex, contributing to hepatocyte necrosis *via* the induction of mitochondrial oxidative stress [@B3].

Autophagy is involved in protein recycling, disposing of damaged organelles and denatured proteins through encapsulation in a double-membraned autophagosome, which subsequently fuses with lysosomes for proteolytic degradation [@B4]. When autophagy was enhanced, microtubule-associated protein 1 light chain 3 (LC3) was promoted to conjugate with phosphatidylethanolamine (PE). The PE-conjugated form of LC3 (LC3-II) translocates to the autophagosomal membrane, contributing to the formation of a double-membrane autophagosome [@B5]. The activity of autophagy is enhanced in low nutrient or inflammatory environments [@B6], [@B7] for maintaining cell homeostasis by selectively removing damaged or unwanted organelles and proteins. Autophagy protects the liver from acute injury in several acute liver injury animal models including ischemia-reperfusion liver injury [@B8] and APAP-induced liver injury [@B9], [@B10]. It is reported that inhibition of autophagy markedly exacerbated APAP-induced liver injury [@B11]. The protective function of autophagy in APAP-induced liver injury is mediated through removal of the APAP adduct [@B9], [@B10]. In addition, mitochondrial ROS generation, mitochondrial dysfunction, and inflammation play important roles in the pathogenesis of APAP-induced hepatocytes necrosis [@B3], [@B12]. Autophagy also plays a critical role in removing the damaged mitochondria, thereby alleviating APAP-induced cell injury [@B13].

Recently it has been reported that IL-10 promotes mitophagy, which eliminates dysfunctional mitochondria likely through a mammalian target of rapamycin inhibitor [@B14]. IL-22 is mainly secreted by Th17, Th22, γδ T cells, NK cells, neutrophils or group 3 innate lymphoid cells (ILC3) [@B15], as well as macrophages [@B16]. IL-22 protects against liver injury in a variety of mouse models including adenovirus-induced or T cell-mediated hepatitis [@B15], [@B17]. Furthermore, we have demonstrated previously that IL-22 protects the host from drug-induced hepatocellular injury [@B18] and may play a hepato-protective role in liver inflammation/fibrosis during chronic hepatitis B [@B19]. Because IL-22 has many beneficial effects in protecting against liver injury and promoting liver regeneration, and has minimal side effects due to restricted IL-22 receptor expression on epithelial cells [@B20], recombinant IL-22 protein is currently in clinical trials for the treatment of severe alcoholic hepatitis [@B21]. Recently, the phase I clinical trial of IL-22 (recombinant human IL-22 IgG2-Fc, F-652) has been performed. In the trial, F-652 is well-tolerated and demonstrated favorable pharmacokinetics and pharmacodynamics properties when intravenously administrated to healthy male volunteers [@B22].

Though the hepato-protective function of IL-22 is well-documented, the underlying mechanisms are not fully understood. It is reported that IL-22 alleviated oxidative and endoplasmic reticulum (ER) stress induced by palmitate through activation of autophagy in INS-1 cells [@B23]. However, it is unclear whether IL-22 exerts the hepato-protective effect through autophagy activation during APAP-induced liver injury. The present study investigated the hepato-protective mechanism of IL-22 in APAP overdose-induced liver injury models. Interestingly, autophagic activities were induced in APAP-treated mice and primary mouse hepatocytes/human non-tumor hepatic L02 cells. IL-22 pretreatment further enhanced autophagic activities to attenuate liver injury induced by APAP. These findings suggest a novel mechanism by which IL-22 protects against liver injury, which may provide useful information for both basic research and clinical practice in management of liver failure.

Methods
=======

Animal model and experimental protocol
--------------------------------------

Male C57BL/6J mice (7 weeks old, weighing 18-22 g) were obtained from the Shanghai SLAC Laboratory Animal Company (Shanghai, China). The mice were kept under 12 h light/dark cycles specific pathogen-free conditions at 20-25 °C, with free access to water and standard chow. The animal experiments were approved by *The Animal Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine* and were carried out according to the institutional guidelines.

Mice were randomly assigned to three groups: 1) Vehicle (normal saline, NS), 2) APAP (400 mg/kg in normal saline), 3) IL-22-Fc (1 mg/kg in PBS) plus APAP (400 mg/kg in normal saline) [@B24]. A APAP-induced liver injury was developed as described previously [@B24]. Briefly, these mice were injected intraperitoneally (i.p.) with 400 mg/kg APAP or vehicle (NS) following overnight fasting. The mice in group 3 were pretreated with 1 mg/kg recombinant IL-22-Fc i.p. (Generon Corporation, Shanghai, China) 2 h prior to APAP challenge. The group 3 represented the procedure of IL-22 plus APAP treatment, unless otherwise indicated. The sham-treated mice were i.p. injected with an equivalent volume of PBS. To investigate IL-22 therapeutic effect for APAP intoxication, at 2 h post-APAP treatment, mice were administrated 1 mg/kg IL-22 or an equal volume of PBS. Serum and liver were collected at various time points.

Additional protocols and procedures are described in [Supplementary Material](#SM0){ref-type="supplementary-material"}.

Results
=======

IL-22 attenuates APAP-induced hepatotoxicity in mice
----------------------------------------------------

Serum ALT and AST levels and liver histology were determined to evaluate the severity of liver injury. ALT and AST increased gradually and peaked in APAP-challenged mice at 24 h post APAP injection (**Figure [S1](#SM0){ref-type="supplementary-material"}A-B**) compared to the vehicle treatment. Elevation of serum ALT and AST levels were ameliorated in IL-22 plus APAP-treated mice compared to APAP-challenged mice, especially at 24 h post-APAP administration (**Figure [1](#F1){ref-type="fig"}A-B**).

Histopathology demonstrated obvious centrilobular necrosis in livers from the APAP-challenged mice in a time-dependent manner, consistent with the serum ALT/AST alteration (**Figure [S1](#SM0){ref-type="supplementary-material"}C-E**). The areas of centrilobular necrosis were significantly reduced in IL-22 pretreatment plus APAP-treated mice (**Figure [1](#F1){ref-type="fig"}C-F**). The potential therapeutic effect of IL-22 was determined by adding the post-treatment with IL-22 approach. Though IL-22 post-treatment (2 h after APAP) mediated a moderate reduction in serum ALT and AST compared to APAP-challenged mice, no significant difference was observed between the two groups (**Figure [S2](#SM0){ref-type="supplementary-material"}**).

IL-22 alleviates APAP-induced hepatic oxidative stress and reduces mRNA expression of hepatic inflammatory mediators without alteration of hepatic APAP metabolism
------------------------------------------------------------------------------------------------------------------------------------------------------------------

Intracellular ROS was increased significantly in the APAP-challenged mice compared to vehicle treatment. However, intracellular ROS was dramatically decreased in IL-22 plus APAP-treated mice compared to APAP-challenged at 24 h (**Figure [2](#F2){ref-type="fig"}A**).

To determine whether the protective role of IL-22 against APAP-induced hepatotoxicity was due to altered APAP metabolism, hepatic CYP2E1 was determined in the different treatment groups. Comparable hepatic CYP2E1 expression was detected in the APAP group and IL-22 plus APAP group (**Figure [S3](#SM0){ref-type="supplementary-material"}A**). Hepatic glutathione (GSH) levels were depleted significantly at early stage (2 h), and recovered gradually at later stages (12 h and 24 h) (**Figure [S3](#SM0){ref-type="supplementary-material"}B**). Our data are in line with previous studies, showing similar patterns of GSH changes following APAP challenge [@B25]-[@B27]. There was no significant difference in the recovery of hepatic GSH levels between APAP-challenged and IL-22 plus APAP-treated mice (**Figure [S3](#SM0){ref-type="supplementary-material"}C**), suggesting that IL-22 pretreatment did not alter hepatic APAP metabolism.

Furthermore, hepatocyte proliferation was also determined in mice with different treatments. Hepatic Ki-67^+^ and PCNA^+^ cells were increased in both APAP-challenged and IL-22 plus APAP-treated mice compared to the control mice. Interestingly, hepatic Ki-67^+^ and PCNA^+^ cells were not increased significantly in the IL-22 plus APAP treatment group compared to the APAP-challenged group (**Figure [S4](#SM0){ref-type="supplementary-material"}**). It was speculated that in the IL-22 plus APAP treatment group, less hepatic necrosis appeared due to protection by IL-22, which led to less hepatic proliferation, reducing the difference of hepatic proliferation between the IL-22 plus APAP treatment group and the APAP-challenged group.

TUNEL staining was significantly increased in APAP-challenged mice compared to vehicle-treated mice at 24 h (**Figure [S5](#SM0){ref-type="supplementary-material"}** and **Figure [2](#F2){ref-type="fig"}B**). However, TUNEL staining was decreased in IL-22 plus APAP-treated mice compared to APAP-challenged mice at 24 h (**Figure [2](#F2){ref-type="fig"}B**).

The mRNA expressions of inflammatory cytokines (IL-6, IL-1β and TNF) were upregulated in APAP-challenged mice at 6 and 24 h. However, in IL-22 plus APAP-treated mice, hepatic mRNA expressions of IL-6, IL-1β and TNF were significantly decreased compared to those of APAP-challenged mice at 24 h (**Figure [2](#F2){ref-type="fig"}C**).

Serum protein levels of IL-6 and TNF were significantly increased in APAP-challenged mice compared to vehicle-treated at 24 h (**Figure [2](#F2){ref-type="fig"}D**). Serum levels of IL-6 and TNF in IL-22 plus APAP-treated mice were down-regulated compared to those of the APAP-challenged group (**Figure [2](#F2){ref-type="fig"}D**). Serum IL-22 was upregulated significantly in IL-22 plus APAP-treated mice compared to APAP or vehicle treatment at both 6 and 24 h (**Figure [2](#F2){ref-type="fig"}D**). In addition, hepatic endogenous IL-22 mRNA was detected. Hepatic IL-22 mRNA expression was significantly increased in mice challenged with APAP compared to control group, consistent with Kleinschmidt *et al.*\'s report that hepatic IL-22 mRNA expression was increased significantly 3 h and 6 h after APAP challenge [@B28]. More interestingly, the expression of IL-22 mRNA in liver was decreased with IL-22 plus APAP treatment compared to that of the APAP-challenged group at 24 h post-APAP **(Figure [S6](#SM0){ref-type="supplementary-material"})**.

Divergent expression of hepatic transcriptomes in vehicle-, APAP- and IL-22 plus APAP-treated mice
--------------------------------------------------------------------------------------------------

To determine the alteration of hepatic transcriptomes following IL-22 pretreatment, mRNA expression profile was detected in vehicle-treated, APAP-challenged and IL-22 plus APAP-treated mice groups at 24 h using PCR array. Hepatic mRNA levels of oxidative stress and inflammatory-related genes were upregulated in APAP-challenged compared to vehicle-treated groups (**Figure [3](#F3){ref-type="fig"}A**). The mRNA levels of oxidative stress and inflammatory mediators in IL-22 plus APAP-treated mice were down-regulated compared to those of the APAP-challenge alone group. In addition, the expression levels of anti-oxidant-related genes in IL-22 plus APAP-treated mice were upregulated compared to those of the APAP-challenged alone group (**Figure [3](#F3){ref-type="fig"}A**). Furthermore, the mRNA level of autophagy-associated gene p62 (SQSTM1) was increased about 2-fold in IL-22 plus APAP-treated mice compared to APAP-challenged mice (**Figure [3](#F3){ref-type="fig"}B**).

Enhanced hepatic autophagy is observed in IL-22-pretreated mice
---------------------------------------------------------------

Quantitative RT-PCR confirmed that p62 mRNA expression was significantly upregulated in IL-22-pretreated mice compared to APAP-challenged mice (**Figure [S7](#SM0){ref-type="supplementary-material"}**). Electron microscopy revealed that hepatic autophagosomes were increased following APAP challenge (**Figure [3](#F3){ref-type="fig"}C**). In addition, more hepatic autophagosomes were formed in IL-22 plus APAP-treated mice compared to APAP-challenged mice (**Figure [3](#F3){ref-type="fig"}C**).

IL-22 ameliorates APAP-induced liver injury and activates AMPK-dependent autophagy
----------------------------------------------------------------------------------

To further understand the mechanism by which IL-22 activates autophagy, we examined AMPK, a representative upstream effector of autophagy. Hepatic AMPK phosphorylation (p-AMPK) was upregulated at both 6 and 24 h in IL-22 plus APAP-treated mice compared to APAP-challenged mice (**Figure [3](#F3){ref-type="fig"}D**). STAT3, which is widely accepted as a major downstream effector of the IL-22 signaling pathway [@B17], [@B29], was notably phosphorylated at 6 and 24 h in IL-22 plus APAP-treated mice (**Figure [3](#F3){ref-type="fig"}D**). Hepatic microtubule-associated protein light chain 3-II (LC3-II) was increased at 6 h following APAP challenge (**Figure [3](#F3){ref-type="fig"}D**). In addition, the expressions of hepatic endogenous LC3-II and p62 were enhanced in IL-22 plus APAP-treated mice compared to APAP-challenged mice, especially at 24 h (**Figure [3](#F3){ref-type="fig"}D**). Moreover, p-JNK expression was moderately decreased in IL-22 plus APAP-treated mice compared to APAP-challenged mice at 24 h (**Figure [3](#F3){ref-type="fig"}D**).

Based on the above results, the extent of hepatic autophagosomes formation was further determined by immunohistochemistry. Cleaved LC3 was tested in the livers from IL-22-, APAP-, or IL-22 plus APAP-treated mice. Hepatic cleaved LC3 expression was increased with IL-22 plus APAP treatment compared with APAP challenge at 6 h (**Figure [S8](#SM0){ref-type="supplementary-material"}**).

IL-22 attenuates APAP-induced cytotoxicity and enhances autophagy in L02 cells treated with APAP *in vitro*
-----------------------------------------------------------------------------------------------------------

Cell viability was decreased in a dose-dependent way in L02 cells with APAP exposure (**Figure [S9](#SM0){ref-type="supplementary-material"}**). APAP significantly decreased cell viability, which was partially restored with IL-22 pretreatment (**Figure [4](#F4){ref-type="fig"}A**). Moreover, LDH (a necrotic marker) release was significantly increased in culture medium of L02 cells exposed to APAP, which was inhibited with IL-22 pretreatment (**Figure [4](#F4){ref-type="fig"}B**). The cell viability and the LDH levels in culture medium from L02 cells under IL-22 treatment alone were similar to those of the control, suggesting that IL-22 did not exert a toxic effect on L02 cells (**Figure [4](#F4){ref-type="fig"}A-B**). LC3-II expression was moderately increased in L02 cells exposed to APAP. LC3-II expression was further increased in IL-22 plus APAP-treated L02 cells compared to APAP-treated cells. p-AMPK protein was upregulated with IL-22 plus APAP treatment compared to APAP alone in L02 cells. IL-22 plus APAP-mediated LC3-II induction was further increased in the presence of chloroquine (**Figure [4](#F4){ref-type="fig"}C-D**). Moreover, GFP-LC3 puncta formation was increased following APAP exposure in GFP-LC3-transfected L02 cells. Increased GFP-LC3 puncta formation was observed with IL-22 plus APAP treatment compared to APAP alone in L02 cells (**Figure [4](#F4){ref-type="fig"}E**). After treating with chloroquine, GFP-LC3 puncta formation in L02 cells was further augmented with IL-22 plus APAP treatment when compared to APAP treatment (**Figure [4](#F4){ref-type="fig"}F**). IL-22 treatment alone upregulated the expression of p62 in L02 cells (**Figure [S10](#SM0){ref-type="supplementary-material"}**).

IL-22 promotes autophagy by an AMPK-dependent pathway in primary mouse hepatocytes
----------------------------------------------------------------------------------

The expression of p-AMPK was increased in primary mouse hepatocytes after treating with IL-22. p-AMPK was moderately decreased for 6 h after APAP challenge, which was partly reversed by IL-22 pretreatment (**Figure [5](#F5){ref-type="fig"}A-B**). LC3-II expression was also increased with IL-22 plus APAP treatment compared to APAP treatment alone in primary mouse hepatocytes. In addition, IL-22 plus APAP-induced LC3-II expression was further enhanced in the presence of chloroquine (**Figure [5](#F5){ref-type="fig"}A-B**).

To confirm the importance of p-AMPK in IL-22-promoting autophagy, hepatocytes were pretreated with compound C, an AMPK inhibitor *in vitro*. In hepatocytes treated with IL-22 plus APAP, the enhancement of LC3-II formation was abolished by pretreatment with compound C (**Figure [5](#F5){ref-type="fig"}C-E**).

Protective effect of IL-22 against APAP-induced cell injury is associated with AMPK pathway-dependent autophagy in L02 cells
----------------------------------------------------------------------------------------------------------------------------

LC3-II expression was further increased with IL-22 plus APAP treatment compared to APAP exposure alone in L02 cells. Phosphorylation of AMPK was enhanced with IL-22 plus APAP treatment compared to APAP alone. However, pretreatment with AMPK inhibitor (compound C) decreased p-AMPK up-regulation, as well as the formation of LC3-II induced by IL-22 plus APAP (**Figure [6](#F6){ref-type="fig"}A-B**). Importantly, the protective effect of IL-22 against APAP-induced cell damage was also abolished by compound C (**Figure [6](#F6){ref-type="fig"}C**).

Discussion
==========

APAP overdose-induced liver injury is probably one of the most common causes of drug-induced acute liver failure [@B30] without effective medication. N-acetylcysteine (NAC) currently is the only drug approved for treatment of APAP overdose-induced liver injury *via* suppressing ROS at a relatively early stage [@B31]. IL-22 has been demonstrated to alleviate APAP-induced liver injury; however, the underlying mechanisms remain incompletely understood. The present study aimed to investigate whether IL-22 plays a hepato-protective effect on APAP-induced liver injury by regulation of hepatic autophagy. We hypothesized that upregulated AMPK expression and promoted autophagy by IL-22 might be a potential therapeutic strategy for APAP-induced liver injury. In this study, it was demonstrated that the AMPK pathway-dependent autophagy induced by IL-22 protected against APAP-induced hepatotoxicity.

IL-22 also promotes tissue repair by directly activating anti-apoptotic, proliferative programs and antioxidants in various types of cells, including hepatocytes [@B17], [@B32]. Previous studies have indicated that IL-22 plays a protective role in preventing hepatocellular damage induced by alcohol [@B33], concanavalin A (Con A)[@B17] , or carbon tetrachloride (CCl~4~) [@B34]. In addition, though recombinant IL-22 has been reported to have a beneficial role in acute liver injury induced by APAP [@B35], whether autophagy was involved in the hepato-protective effect of IL-22 against APAP-induced hepatic injury has not been assessed. In addition to the above-mentioned alternative protective mechanisms---including pro-survival, anti-inflammation and metabolic regulation [@B32], [@B35]---the present study suggests that activation of autophagy contributes to the protective effect of IL-22 against APAP-induced hepatotoxicity.

Mitochondrial dysfunction and excessive ROS initiate APAP-induced liver injury [@B25], subsequently triggering cell necrosis. The present study demonstrated that IL-22 pretreatment attenuated APAP-induced liver injury, showing less hepatocyte necrosis and apoptosis, consistent with previous studies [@B24], [@B35]. As expected, APAP-induced serum/hepatic pro-inflammatory cytokines and excessive ROS were ameliorated following IL-22 pretreatment. Consistent with our studies, Ju and colleagues have reported that LiposIA (liposome-based nanoparticle)-delivered IL-22 improves the protective efficacy of IL-22 against APAP-induced liver injury, accompanied with inhibited generation of ROS and TNF, and prevented mitochondrial dysfunction [@B36]. Hasnain *et al*.\'s study has shown that IL-22 plays a role in relieving cytokines- or glucolipotoxicity-mediated oxidative stress in pancreatic islets [@B32]. However, Scheierman *et al*. reported [@B35] that inflammatory cytokines are not affected by IL-22 in endotoxemic mice. The discrepancy between Scheierman *et al*.\'s study and ours might due to the different animal models, i.e., local liver injury in our model vs. a more systemic injury in endotoxemic mice. In addition, different species and/or experimental environment may also contribute to such difference.

Hepatic IL-22 mRNA expression was decreased in the IL-22 pretreatment group. We speculated the following reasons may account for the decrease of IL-22 mRNA: Firstly, hepatic IL-22 mRNA expression may be negatively regulated by the high amount of circulating IL-22. Secondly, since IL-22 treatment has a protective effect on APAP-induced liver injury, the alleviated liver injury may affect the expression pattern of hepatic IL-22 mRNA in mice exposed to APAP.

Autophagy, as an adaptive process, is involved in protein recycling and disposal of damaged organelles and proteins for maintaining liver homeostasis [@B8]. Recent studies have suggested that autophagy, serving as an adaptive mechanism, is activated in response to APAP treatment to relieve liver injury induced by APAP [@B9]. Autophagy plays a protective role by removing damaged mitochondria and APAP-adducted proteins [@B10], [@B11]. Such findings support our study, showing that autophagy enhancement (autophagosomes formation and increased expression of LC3-II [@B37]) has been detected following APAP challenge.

Autophagy has been considered a likely therapy target by different chemical compounds to protect against APAP-induced liver injury [@B10], [@B38]. It is reported that autophagy is activated by IL-22 to alleviate palmitate-induced oxidative and ER stress in INS-1 cells [@B23]. In addition, mycobacterium tuberculosis intracellular growth is suppressed by IL-22 *via* enhancing phagolysosomal fusion through down-regulating Rab14 and enhancing Rab7 production (Rab14, Rab7, member RAS oncogene family) [@B39]. Importantly, Rab7 is required for completing autophagic flux in mouse embryonic fibroblasts [@B40]. Thus, it is speculated that autophagy is involved in the biological effect of IL-22.

Previous studies have shown that autophagy plays a role in relieving oxidative stress in severe acute pancreatitis [@B41] and hepatic ER stress in mice [@B42]. P62, an autophagy-related gene involved in selective autophagy [@B43], interacts with LC3 and acts as a cargo adapter to deliver the damaged mitochondria into autophagosomes. P62 knock-down exacerbates APAP-induced hepatocytes necrosis [@B9]. In the present study, PCR array and RT-qPCR results suggested that p62 was upregulated in mice pretreated with IL-22. Therefore, we investigated the protective role of IL-22-mediated autophagy in APAP-induced hepatotoxicity. IL-22 pretreatment further enhanced LC3-II protein expression and formation of autophagosomes *in vivo*, which indicated that hepatic autophagy was enhanced in the IL-22 pre-treated group. The up-regulation of LC3-II by IL-22 administration in APAP-treated L02 cells failed to reach statistical significance, suggesting there is the possible involvement of other cells in IL-22-induced up-regulation of autophagy in the hepatocytes of APAP-treated mice. Autophagy attenuates cellular damage *via* selectively removing damaged mitochondria [@B44], and dysregulation of autophagy leads to increase of oxidative stress in APAP-induced liver injury [@B10]. Such finding is in line with our current study, showing APAP-induced ROS was attenuated by IL-22 pretreatment. Chloroquine, a potent inhibitor of autophagosome-lysosome fusion (by increasing lysosomal pH), is often used to evaluate the function of autophagy or autophagic flux. Following treatment with chloroquine, LC3-II accumulation is due to blockage of degradation of LC3-II. Thus, the increase of LC3-II following treatment of chloroquine compared with the mock treatment would reflect the amount of LC3-II delivered to lysosomes for degradation (autophagic flux). LC3-II was increased further in IL-22 plus APAP-treated cells in the presence of chloroquine compared to chloroquine treatment alone (**Figure [4](#F4){ref-type="fig"}C**), suggesting that IL-22 promotes autophagic flux of APAP-treated hepatocytes. Similarly, suppression of autophagosome-lysosome fusion by chloroquine remarkably increased GFP-LC3 puncta induced by IL-22 pretreatment, indicating that IL-22 enhanced autophagic flux rather than impaired autophagosomes clearance. It was intriguing that IL-22 alone plus chloroquine did not further increase LC3-II levels in L02 cells obviously. It was speculated that IL-22 would not obviously promote autophagy of hepatocytes in the absence of APAP, which might be due to the function of APAP as an autophagy initiator. These results suggest that enhanced autophagy of APAP-treated hepatocytes by IL-22 may require the existence of APAP.

Furthermore, our current data demonstrated that IL-22 pretreatment upregulated autophagy, but activation of autophagy was suppressed by AMPK inhibitor compound C. IL-22 was not able to attenuate APAP-induced cytotoxicity when hepatocytes were pretreated with compound C (accompanied with suppressed autophagy). These results suggest that inhibition of autophagy abolishes the protective effects of IL-22 against APAP-induced cytotoxicity. Thus, our data implied that enhanced autophagy was involved in the IL-22-protective effect against APAP-induced liver injury.

AMPK, an important energy sensor, can regulate cellular metabolism to maintain energy homeostasis [@B45]. Importantly, AMPK also plays a cytoprotective role in hepatocytes by promoting cell survival, alleviating mitochondrial injury and activating autophagy [@B46]. In the present study, IL-22-induced autophagy activation and protective effect could be abolished by compound C, as shown by the LDH release experiment. Taken together, our data implied that AMPK pathway-dependent autophagy was involved in the IL-22-mediated protective effect on APAP-induced liver injury. In addition to the enhanced AMPK-dependent autophagy involved in IL-22-mediated hepatic protection, other effects upon AMPK activation may also contribute to the hepatic protection. Activation of AMPK-mediated protective mechanisms may be involved in a variety of growth, metabolism, and cell-polarity, as well as mitochondrial homeostasis processes [@B46]-[@B49].

In the present study, it is also worth mentioning that the expression of p62 increased with IL-22 pretreatment. It is generally accepted that p62 accumulation suggests autophagy impairment, and the decrease of p62 indicates enhanced autophagic process. On the other hand, p62 protein level is not only regulated by degradation but also affected by regulation of p62 mRNA expression [@B50]. P62 expression would be upregulated in circumstances where there is an increase of autophagic flux [@B51], [@B52]. This is supported in cardiac proteinopathy, where p62 protects cardiomyocytes against proteotoxic stress by promoting aggresome formation and autophagy activation [@B52]. We acknowledge that there are some limitations to our study. Post-treatment with IL-22 tended to alleviate the liver injury induced by APAP, but didn\'t reach statistical significance. This result was also consistent with Scheiermann *et al*.\'s study [@B35]. The precise role of IL-22 as a therapeutic agent is still being determined.

In summary, the present study demonstrated that upregulated hepatocellular autophagy induced by IL-22 contributed to the alleviation of APAP-induced liver injury. The hepato-protective role of IL-22 against APAP-induced liver injury is related to AMPK pathway-dependent autophagy activation, which inhibits the expression of oxidative and inflammatory mediators (**Figure [7](#F7){ref-type="fig"}**). Our data may provide some constructive insights into specific targeting of APAP-induced liver injury.
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![**IL-22 pretreatment protects mice from APAP-induced liver injury. (A-B)** Serum ALT and AST from normal control (normal saline, NS), APAP-challenged and IL-22 plus APAP-treated mice at 6 h and 24 h. **(C-F)** Representative liver sections (H&E staining) from three groups after different treatments as indicated (D-F). Necrotic areas in liver sections were quantified (C). Data are expressed as mean ± SEM; *p* value was calculated by un-paired Student\'s *t* test in (A-C), \**p* \< 0.05 and \*\*\**p* \< 0.001.](thnov08p4170g001){#F1}

![**IL-22 attenuates APAP-induced hepatic oxidative stress and inflammation. (A)** Oxidative stress is indicated in liver sections from three experimental groups at 24 h post-APAP (original magnification 100×) by histological ROS staining. Yellow arrows denote the ROS-positive areas in mice livers. **(B)** Representative images of TUNEL-stained liver sections from the three experimental groups indicated in (A). **(C)** Hepatic IL-6, IL-1β and TNF mRNA expressions were detected at 0, 6 and 24 h in mice from the three experimental groups, as indicated. **(D)** Serum levels of IL-6, TNF and IL-22 were measured by CBA (IL-6, TNF) and ELISA (IL-22). Data are presented as means ± SEM; *p* value was calculated by Kruskal-Wallis test (C) and one-way ANOVA (D), \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001.](thnov08p4170g002){#F2}

![**Divergent transcriptome expression patterns of hepatic oxidative stress, inflammation and autophagy genes in vehicle-, APAP- or IL-22 plus APAP-treated mice. (A)** Heatmap displaying the relative expression of oxidative stress-, inflammation- and autophagy-related genes in normal control, APAP-treated and IL-22 plus APAP-treated groups (n = 3 per group) at 24 h. **(B)** Relative gene expression profiles between APAP-treated vs. IL-22 plus APAP-treated mice (n = 3). The red lines indicate positive or negative fold changes (upregulated 2-fold or down-regulated 0.5-fold) for selected genes in APAP- vs. IL-22 plus APAP-treated mice. **(C)** Mice liver samples were analyzed by TEM. (a, d) Mice treated with normal saline (NS); (b, e, g) mice treated with APAP; (c, f, h) mice treated with IL-22 plus APAP; (i) the number of autophagosomes in hepatocytes per 100 μm^2^ were compared among three groups. Yellow arrows indicate autophagosomes. **(D)** The protein expressions of p-STAT3, STAT3, p-AMPK, AMPK, p62, p-JNK, JNK and LC3-I/II in livers from normal control (NS), APAP (400 mg/kg)-treated, and IL-22 plus APAP-treated mice were detected at 6 and 24 h post-APAP by western blot. GAPDH served as a loading control. Quantification of the LC3-II and p62 to GAPDH expression ratios. Data are presented as means ± SEM; *p* value was calculated by Kruskal-Wallis test (C-D), \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001.](thnov08p4170g003){#F3}

![**IL-22 alleviates APAP-induced cytotoxicity and enhances autophagy in L02 cells treated with APAP. (A)** L02 cells were treated with IL-22 (400 ng/mL) for 1 h, followed by treatment with APAP (5 mM). The cell viability was measured at 24 h after APAP treatment by MTT. **(B)** LDH release in the culture medium was measured when L02 cells were treated as indicated in (A). **(C)** L02 cells were incubated with IL-22 (400 ng/mL) for 1 h, followed by treatment with APAP (5 mM) for 6 h. Immunoblot determined p-STAT3, STAT3, p-AMPK, AMPK and LC3-I/II expressions in L02 cells. GAPDH served as a loading control. **(D)** Quantification of the LC3-II to GAPDH expression ratio. **(E)** L02 cells were transfected with GFP-LC3, exposed to IL-22 (400 ng/mL) or not for 1 h, followed by treatment with APAP (5 mM) or not for 6 h. **(F)** L02 cells were treated with IL-22 (400 ng/mL) for 1 h, followed by treatment with APAP (5 mM) in the presence of chloroquine (CQ) (20 μM) or not for 6 h. Distribution of GFP-LC3 puncta in L02 cells was evaluated using a Zeiss fluorescence microscope. Data are presented as means ± SEM; *p* value was calculated by Kruskal-Wallis test (A-B, D), \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001.](thnov08p4170g004){#F4}

![**AMPK pathway is involved in IL-22-regulated autophagy in primary mouse hepatocytes treated with APAP. (A)** Cultured primary mouse hepatocytes were treated with IL-22 (400 ng/mL) for 0.5, 1, 2 and 6 h in lane 2, 3 4 and 5 respectively. The other cultured primary mouse hepatocytes were treated with IL-22 (400 ng/mL) or not for 1 h, followed by addition of APAP (5 mM) for 6 h in the presence or absence of chloroquine (CQ) as indicated. Western blot analysis showed cellular protein expressions of p-STAT3, STAT3, p-AMPK, AMPK and LC3-I/II. **(B)** Quantification of the LC3-II to GAPDH expression ratio. **(C)** Primary mouse hepatocytes were pretreated with compound C (4 μM) for 6 h, incubated with IL-22 (400 ng/mL) for another 1 h, then APAP (5 mM) for 6 h. Western blot analysis showing cellular protein expressions of p-STAT3, STAT3, p-AMPK, AMPK and LC3-I/II. GAPDH served as a loading control. **(D)** Quantification of the p-AMPK to GAPDH expression ratio. **(E)** Quantification of the LC3 II to GAPDH expression ratio. Data are presented as means ± SEM; *p* value was calculated by one-way ANOVA (B, D-E). \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001.](thnov08p4170g005){#F5}

![**AMPK-dependent pathway activation is necessary for IL-22-mediated autophagy and cytoprotection in L02 cells treated with APAP. (A)** L02 cells were pretreated with compound C (4 μM) for 6 h, incubated with IL-22 (400 ng/mL) for another 1 h, followed by treatment with APAP (5 mM) for 6 h. Western blot analysis showed cellular protein expressions of p-STAT3, STAT3, p-AMPK, AMPK, and LC3-I/II. GAPDH served as a loading control. **(B)** Quantification of the LC3-II to GAPDH expression ratio. **(C)** L02 cells were pretreated with compound C (4 μM) for 6 h, incubated with IL-22 (400 ng/mL) for another 1 h, followed by treatment with APAP (5 mM) for 24 h. Then, LDH levels released in culture medium from L02 cells were measured. Data are presented as means ± SEM; *p* value was calculated by one-way ANOVA (B-C), \**p* \< 0.05, \*\*\**p* \< 0.001.](thnov08p4170g006){#F6}

![**A proposed model for enhanced autophagy involving the protective role of IL-22 against APAP-induced hepatotoxicity.** During APAP-induced liver injury, excess mitochondrial ROS production is caused when NAPQI binds to mitochondrial proteins, subsequently resulting in loss of the membrane potential and release of intermembrane proteins. The intermembrane proteins translocate to the nucleus and may participate in APAP-induced nuclear fragmentation. IL-22 activates p-AMPK pathway and may promote autophagic removal of damaged mitochondrion and protects against APAP-induced liver injury. The dotted lines indicate the underlying alternative mechanisms that were not investigated in the current study. DAMPs: damage associated molecular patterns; HMGB1: high mobility group box 1 protein; mtDNA: mitochondrial DNA; ROS: reactive oxygen species.](thnov08p4170g007){#F7}
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